Abstract: Physiologically, zinc is an essential element that has many important functions such as maintenance of immunity, cell integrity, signalling, cellular respiration, and neuromodulation. Besides zinc, folate also plays a crucial role in basic cellular reactions. Exposure to some xenobiotics may lead to folate deficiency. The aim of this study was to evaluate the effect of zinc fume on erythrocyte folate levels. For this purpose, erythrocyte folate levels and serum zinc concentrations were evaluated in 63 galvanization workers, who were exposed to zinc fume during the galvanization procedure, and 23 office personnel as a control group. Erythrocyte folate levels were found to be decreased, while blood zinc levels were increased in workers compared to the controls (both, p < 0.05). Additionally, a significant but rather weak negative correlation was observed between blood folate and zinc concentrations in all participants (R s = -0.335; p < 0.05). It was estimated that zinc exposure leads to a decrease in erythrocyte folate levels. Moreover, it may be speculated that galvanization procedure can cause an elevation in the serum zinc concentration of workers and chronic occupational zinc exposure may trigger changes in erythrocyte folate status, which reflects tissue folate stores.
Introduction
Folates, which are conjugated pteridines, are present in virtually every known organism and cell type, and they play essential roles in many major cellular processes, including vitamin metabolism, mitochondrial protein biosynthesis, methyl group biogenesis, etc. [1] . Methyl group biogenesis is a network of interrelated biochemical reactions that involve the transfer of one-carbon groups from one site to another [2] . Folate co-factors are involved in the transfer of methyl intermediaries: formation of purines, interconversions of amino acids and formate metabolism, as well as biosynthesis of pyrimidine and thymidine [3, 4] . Zinc is one of the essential elements for the survival of an organism and for nucleic acid synthesis [5] . Zinc serves as a cofactor for more than 80 metalloenzymes involved in DNA transcription and protein synthesis [6] . According to the limited literature, it was reported that there were metabolic interactions and an inverse relationship between zinc and folates [5] [6] [7] [8] .
A zinc-coating process called hot-dip galvanization is used for protecting metal items from corrosion. The greatest risk in the galvanization process is the exposure of workers to zinc fume rising from the metal bath surface [9, 10] . With the efficient homeostatic control of zinc, it does not accumulate in the organism in excessive amounts. However, inhalation of zinc fumes or accidental ingestion of unusually large amounts of zinc can cause adverse effects on exposed humans [11] .
In our previous study [12, 13] , zinc-mediated changes in neopterin, an unconjugated pteridine derivative, and in the kynurenine pathway were observed. The present study was planned as a continuing study, and it was aimed to investigate the possible changes of zinc on folate status, a conjugated pteridine. For this purpose, the erythrocyte folate status in zinc fume-exposed galvanization workers and non-exposed volunteers was analyzed.
Materials and methods

Subjects
The worker group was composed of 63 male galvanization workers (mean age, 34 ± 5 years) working for 45 h/week. The mean working duration was 8.29 ± 0.54 years. A special ventilation system in the galvanization bath and a mobile bar preventing the contamination of the working environment by blocking the zinc fume rising from the bath surface were used in the manufacturing area. Additionally, each worker wore personal protection equipment such as masks, gloves, eyeglasses, and working suits. In order to supervise the workers, one physician, two health technicians, and two occupational health and safety experts were employed full time.
The control subjects were volunteers consisting of 23 healthy males who work in the same factory as office personnel (mean duration, 10.17 ± 1.62 years). The mean age of the controls was 35 ± 10 years.
A questionnaire was designed for each subject to yield information on age, occupational history, and general health status. None of the participants had any chronic systemic disease, nor were they receiving any medication during the sample collection period.
The principles of the ethical committees of the universities, which were in accord with the Helsinki Declaration, were followed during the whole study (document #10/61-1).
Sample collection
Blood samples were intentionally collected at the end of the work week in order to ensure exposure period homogeneity. Each sample was collected into glass tubes containing EDTA (Becton Dickinson and Company, NJ, USA) as an anticoagulant. After centrifugation at 3500 rpm for 15 min at room temperature (Heraeus Sepatech, Labofuge Ae, Osterode, Germany), the erythrocyte samples were stored at -20°C until the determination of folate concentrations.
Analysis
A modified microbiological method was used to determine the erythrocyte folate levels as described before [14] . Folinic acid and 2-mercaptoethanol (2-ME) were obtained from Sigma (St Louis, MO, USA). Both agars and broths of Lactobacilli and Lactobacilli MRS were purchased from Difco (Becton Dickinson France SA, France). Folic acid casei medium (FACM) was obtained from Difco (Sparks, MD, USA). Standard bacterial strain, Lactobacillus rhamnosus (American Type Culture Collection 7469a) was obtained from LGC Standards, Wesel, Germany.
After thawing, each stored sample was diluted with 0.2 mol/L of 2-ME (1:9). Following incubation for 30 min at 37°C, the supernatant was reached by centrifugation and used for the assay. Each assay tube contained FACM, L. rhamnosus suspension prepared according to 0.5 McFarland (1.5 × 10 8 cfu/mL), and erythrocyte lysate supernatant. After incubation at 37°C for 20 h, the percentage of transmittance was measured for the determination of turbidity intensity related to bacterial growth in each tube at 600 nm by a spectrophotometer (Shimadzu UV1601, Tokyo, Japan). Folate levels were expressed as nanograms per milliliter.
Serum zinc data were obtained from previous studies [12, 13] . 
Statistics
The mean values for each parameter were expressed with standard error of the mean (SEM). As data did not show normal distribution (Shapiro-Wilk, p < 0.05), non-parametric tests were used for the statistical evaluation. The Mann-Whitney U-test was used to compare the differences between two independent groups. The Spearman rank correlation test was used to investigate the correlations of the parameters. p < 0.05 was considered to indicate statistical significance.
Results
There was no difference between the ages of the control and the worker groups (p > 0.05). The erythrocyte folate levels of the galvanization workers were 79.75 ± 3.6 ng/mL, while those of healthy controls were 104.42 ± 8.5 ng/mL. As shown in Figure 1 , the mean erythrocyte folate levels were found to be statistically lower in the workers than in the controls (p < 0.05). As presented in Figure 2 , the measured folate levels were found to be negatively correlated with zinc levels reported in previous studies [12, 13] (R s = -0.335, p = 0.004). In contrast, age was not correlated with either folate or zinc concentrations (both, p > 0.05).
The results were further evaluated according to smoking habits. The statistical evaluation was performed regarding all participants as there were only five non-smokers in the control group. Smoking was found to have no effect on folate or zinc levels when 57 smoker subjects were compared to 29 non-smokers (p = 0.406 and p = 0.463, respectively).
Discussion
In this study, erythrocyte specimens were preferred to serum for the determination of folate status. Since erythrocyte folate level represents an integration of dietary folate intake during the preceding 120 days, the half-life of a red blood cell, it tends to be a more accurate reflection of tissue folate status. It is largely determined by habitual intake over a prolonged period, while serum folate tends to be a reflection of short-term folate balance during the preceding 1-2 days [2] .
The folate levels of the galvanization workers were significantly lower than those of the non-exposed group, and blood folate and zinc were found to be negatively correlated. Decades ago, it was noticed that folate has a potential to bind heavy metals and form insoluble salts below pH 7, limiting its absorption [15] . It was suggested that excessive zinc intake affected numerous important nutrients such as calcium; selenium; nickel; phosphorus; vitamin A, B 1 , and C; as well as copper and iron; and this could lead to a fatal blood disorder: hemolytic anemia [9] . There are conflicting studies on zinc and folate interactions. Ghishan et al. [7] have shown that, under normal physiological conditions, mutual inhibitory effects on zinc and folic acid transport occur at the intestinal level, leading to an inverse relationship between zinc and folate concentrations. Keizer et al. [6] have demonstrated that erythrocyte and plasma folate concentrations were negatively correlated with milk zinc concentrations, reflecting serum status, after supplementation of folic acid on a lowdose regimen during the nursing period. The authors concluded that an antagonistic interaction occurring between these two nutrients caused this negative correlation [6] . In contrast, Intorre et al. [8] reported that long-term zinc supplementation caused alterations in serum zinc levels, but no effect was observed on erythrocyte folate status.
Both zinc and folate are required for normal healthy body cells to maintain normal cell cycle. Although the participants of the study have neither zinc nor folate depletion, in the present study it was observed that, if zinc status was high, the tissue folate storage was low. Even if the serum zinc concentrations of all the participants including the galvanization workers were in the normal range in our study [12, 13] , the folate levels of the galvanization workers were significantly lower than those of the control group at this level of exposure. The small sample size, especially in the control group with 23 subjects, is one of the limitations of our study. The control samples were collected from the volunteer male personnel working in different buildings in the same plant but sharing common areas for breaks. The other limitation is the lack of conventional biomarkers for anemia since it is known that untreated chronic folate deficiency leads to megaloblastic anemia [16, 17] . Hence, it can still be speculated that some of the workers with decreased red blood cell folate levels may probably be at risk for anemia.
It can be concluded that elevated blood zinc concentrations result in the reduction of red cell folate levels. This reduction may be due to the in vivo interactions between folate and zinc, which change the bioavailability of the folates. However, further studies are needed in order to clarify the possible interaction.
